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TRCENICAL NOTE NO. 1366

EFFECT OF CHANGING MAmoLD PRESSURE, EXHAUST PRESSURE,AND VAi.VE TIMING
B ON THE ATR CAPACITY AND CUTEUT CF A FOUR-STROKE EM}H\TE OPELRAED
WITH TNLET VALVES (F VARTOUS DIAMETERS AND LIFTS

By James C. Livengood and Jamks V. D, Eppes
SUMMARY

.- A gerles -of tests has been made with a CFR engine to determine the
effect of inlet—valve capacity, inlet and exhaust pressure, and valve
timing on the volumetric efflciency at various speeds. Three combina—
tlons~of Inlet and exhaust pressures and seven valve—~timing arrangements
were used. OSpecilal cylinder heads with different sizes of inlet valves
were provided. The engine was tested. with the inlet valves opera.ted. at
d.ifferent 1lifts. .

T
It was-found i:ha.t vhen the engine was operated. with any one of the
.Qom'binatiqns of inlet pressure, exhaust pressure, and valve timing, the
variation of volumetric efficiency reswlting from changes 1In inlet—valve
eize and 1ift could be expressed as = function of the parameter @, de-—
Fined as follows:

piston speed X piston area

sound velocity X 1nlet—valve area X average Tlow coefficient

provided other design ratios and operating conditions were kept constant.
The average flow coefficlent was determined from steady-flow tests of the
inlet velve end port and from the dlagram of velve opening. aga.inst crank
angle. The inlet~valve area was taken as the area of a circle the di~
ameter of which was equal to the minimum diasmester of cortact between
valve and seat. Sound velocity was computed for air at inlet-mixture
temperature. : ER '

Closing the inlet valve late resulted in lmproved volumetric effi—
olency when the engine was operated at high velues of @ and raduced
volumstyric efflciency at low values of +this peremeter.
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Increasing the amount of valve overlap improved the volumetric effi-

exhaust pressure $1. This
inlet pressure

effect increased with decreesing values of @.

clency vhen the englne was operated with

Variations of volumetric efficiency resulting from changes in inlet
and exheust pressure were found. to be functione of more than inlet and
exhaust pressuxve. _

" INTRODUCTION

In reference 1 the varisbles that affect the volumetric efficlency
of an inteim .ra.l—combuetion englne wore classifled Into two categorles:

: l . Operating cond.itions > such as .revolutions per, minute s inlet a.nd.
exheust presaures, operating temperatures, and so forth.

2 Design factors, includ.ing design of cylinder, valves, inlet and
exhaust manifolds, valve timing, and so forth.

The investigation reported in reference 1 showed that for the par—
ticular inlet and exhaust pressures, valve timing, and temperatures used,
the effect of Inlet—valve dlameter, 1ift, end design on the volumetric
efficlency of an englne opersted over e speed range could be summed up in
the following expressionl:

= £(@)

The factor Ca.v was determined from steady—-flow tests and the inleb~
valve 'Lift ageinst crank-dngle relationships. The method of determinstion
1s described In reference 1 and 1s reproduced in appendix A for convenierce.

_ While the investigation of reference 1 showed good correlation of
resul ¢s within the range of variasbles covered, it seemed desirsble to ex—
tend the range of revolutions per minute to very low values and to in—
vestigate the effects of Inlet and exhaust preeeuree and of velve 'biming
upon the correlation.

The o'b,jec'bs of the tests repor'l:ed. herewith were:

1. To teet the validity of 'bhe conclusions of reference 1 at inlet
Pressures and exhaust pressures other than those used in that work.

*The symbols and definitione of terms used in this report appear in
appendix B.
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2. To Investigate the posaidbility of correlating the relaetlionships
between volumetric efficlency and inlet and exhaust pressures.

3. To determine the effect on volumetric efficlency of changing the’
crank angle at which the inlet valve olosed,

4, To determine the effect on volumetric efficiency of changing
velve overlep. . .

The tests were made at the Sloan Lshoratories of the Messachusetts
Institute of Technol.ogy under the sponsorship and with the financial
ageistarze of the National Advisory Committee for Avronautics.

TESCRIPTION OF APPARATUS
MQMe ' -

A CFR single—cylinder engine of 3.25-inch bore and k,5—-inch stroke
wee used. This engine was the same as that described In reference 1
except that & special cylinder was used which did not require the use of
an sluminum spacer between cylinder and cylinder ‘head. This engine wes
connected to an slectric cradle dynemometer, the setup being conventional
except as noted in the following discussion,

Inlet Sygtam

Air supplled to the engine was taken from the laborstory compressed
alr line end passed successively through a sharp—edge orifice installed
in a plpe In accordence with the spscifications of reference 2, s pulsa—
tion damper consisting of two 20-gallon tanks connected in series through
a restriction, a throttle velve for controlling inlet pressure, & heated
veporlzing tenk, and & large, short intake pipe leading to the engine.

The fuel, exhamst, cooling,'and lubrications systems remained the
geme as described in reference 1,

Camshafts

: The cemshafts were of the seme general design as the one used in
vreference 1, One of these, Camshaft 2 in figure 1, was the camshaft-
used in reference 1. The remaining glx camshafts shown in figure 1 had
different timings. When a given cam had & longer or shorter duration
then the cems of Shaft 2, 1ts profile was developed by ‘expanding or
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contracting each engular increment of the curve of 1ift agelnst cam angle,
according to the total duration of valve opening required. Note that
there is one serilss of three cemshafts with 60° overlap and veriable in—
let closing angle, another series with suvbstantially no overlep and vari-—
able inlet closing angle, and a third series in which the inlet valve
closes at 60° A.B.C,, and the exhaust velve opems at 60° B,B.C., but with
overlaps of 90°, 60°, and 6°. The actuwal cem 1ift was constant in- all
cases, and velve 1lift was variled by means of rocker—arm edjustments -ss
expleined In reference .

Valves

The valves used were the large (Dy = 1.05 in.) and small
(Dy = 0.830 in.) inlet valves of the geometrically similar series in
reference 1. The exhaust velve was standard CFR exhaust valve, which 1a
larger then the large inlet valve, The two inlet valves had identicel
flow ccefficients at a given lift—dismeter ratio. The method of determining
these steady—flow coefficients is described in eppendix A..

Measuring Instruments

All measurements were made in the manner described in reference 1
except that torque wes measured by a hydraulically balanced piston and
mercury mencmeter, instead of by beam scales, and alr was measured by a
gharp-edge orifice installed in a pipe instead of on an alr box. Pressure
drop across the orifice was measured with an NACA micromanometer filled
with distilled water. -

Indicated hcrsepower was calculated from indlcetor diagrems made with
the M.I.T. belanced-diaphragm high-speed indicator.

PRCCEDURE

The air capacity of the_engine was carefully measured over a speed
renge from 500 to 3600 rpm, with the exception of tests made with Cam—
shafts 4, 5, and 6, which were run only to 3200 rpm because of exhaust—
velve jumping resulting from the short exhaust duration of these cams.
Fuel-air ratio was held constant, and spark advance was adjusted to best
power for each condition. The following teble shows which engine con—
ditions were held constant end which were varied, and the specific values
or range of valueés are indicated. )
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Engine quentities that were held constent:

Inlet-mixture temperature, °F . . .

Fuel=alr v8510. 4 v v v ¢ 4 4 v o 4 o4 o 4 e i e o e e 4 eie e . . 0,078
OlL temperature, OF . . & o o 4 W i 4 ¢ o o« o o o o 4 o 6 o o « o « ¢ 160
Jacket~water—outlet temperature, OF . . .". . . + . < v v v « . . . » 180
Inlet—velve running clearancé, in . . v« o & v v 2 v o« « « o o .. » 0.010
Exhaust—valve running clearance, In « . . 4+ & « o &« &« « » « .« o 0,010
Compression TA&LI0 v v v+ o o s o o s s o s % c 2 s s s 6 0 o o s o o B9
Engine Qqutities thaet were varied: _ ' ' -

Engine speed, rpm . . . . . . .« = « « 500 to 3600
Inlet—valve and lower—inleﬁ—port di&meter, in , « o « 1.050 and 0.830
Inlet—valve 1ift, in .. . . . . o . . . . . « o« o 0.262 and 0.208

Inlet pressure, in. H2 ebs ., . . . . .
Exhaust pressure, In. Hgabe ., . . . ..

« « 30, 20, and 10

+ Always best power

‘See timing diagrams
in fig. 1.

»
¢ & & % & a
e & B v & =

Spark advence . . . . R
Inlet— and exhaust—valve timing . e

TESTS

With each of the severn camshefts shown in figure 1, a series of nine
runs wes made. This series consisted of three rune with each of the fol—
lowing arrangements of inlet—valve diameter and lift'

D . : : bﬁ. L

v .
:#n() S _ - . .. {in.)
1.05 . T o.z62
1.05 .208
830 . S 28

With each diamster*iiftwcam combination, runs of eight or nine points
. each over a speed rangs were made with each of the following inlet— and
exhaust—pressure cqmbinations. .

Pi ’ ot IPe_

(in. Hg (in. Hg
&bs. ) - _ . _abs,)
30 . . L 30
Lo 20

Lo : : T30
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DISCUSSION OF RESULTS

Date obtained.with Camsheft 1 are presented in teble I, which lists:
the speed, alr flow, volumeiric efficiency, breke end indicated horse—
power, and ¢ - for.the.tests. The verious graphs discussed in this sec—
tion are: derived. from this data and similar date dbtained with the other
camshafts. .

Figures 2 to 22 show thet for any partﬂcular valve timing and inlet~
and exhaust-pressure combinetion, volumstric efficiency e 1is a function

of ¢, where
-[36) =]

over a wlde range.of #aiues'pf this perameter. This renge of values was
dbtainedﬁby changing s, Dy, .and_vglye 1ift. Both Dy and valve 1lift

" affect c

Over & lerge range of change in valve timing end inlet and exhaust
pressure, the volumstric efficiency remsins a functicn of the parameter
¢, although a different function for each timing and pressure combina—
tion. One underlying resson for these correlations would seem to be that
the inlet valves used for these tests have substantially similar curves
of flow coefficient egainst crank angle (fig. 23). These curves being
gimilar, the ratio of the average flow coefficient Cav (proportional to

the area under each curve of fig. 23) to the flow coefficient at a given
1lift Cz is constant et any particular crank angle. It should be pointed

out thet if the engine had been operated with inlet—valve lifte which re—
sulted in greatly dissimilar curves of €3 ageinst crank angle, the
correlations in figures 2 to 22 might have been less successful,

Figures 24 to 30 utilize the curves which were drawn through the
points of figures 2 to 22, EFach figure demonstrates the effect on
volumetric efficiency of changing inlet and exhaust pressures with a
particular valve~timing arrangement. An interesting feature of these
curves i the rise in volumstric efficiency at low values of ¢, This
rise i1s especlally noticeable in the cases of figures 2k, 25, 26, and
30, which were obtalned with considerable valve overlap.

When there is high inlet pressure and low exhaust pressure, scme
of the fresh charge is blown through the cylinder and out the exhaust
port., Presumebly, the amount blown through per wnit time 1s substantially
independent of engine speed. Therefore, I1f the engine were run at extremely
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low speed, the quantity of charge pasging through the cylinder during the
overlap period would be a large portion of the total flow, and the volu—
metric efficiency would eapproach infinity when the speed reached zero,

Some rise in volumetric efficlency at low speed is noted even for
operation with inlet pressure equal to exheus®t pressure. This rise is
probably due to the ejector effect of the exhaust gases. The inertia of
the repidly moving exhaust ges et the end of blow-down mey cause a low
pressure of the residnel exhaust gas and a consequent influx of fresh
charge during the overlap pericd. Sich an improvement in scavenging will
result in increased volumetric efficlency, and the improvement would in—
crease with decreasing speed, as indicated by the curves in guestion. A
emell amount of exhaunst back pressure would overcome this effect, and
volumetric efficiency would then remain constant at low speed or even de~
crease 1f the back pressure were large enough to prodnce reverse flow
during the overlap period. This sensitivity to inlet and exhsust pres—
sures at low speeds when Pe/Pi = 1 was so pronounced in the case of

Camshaft 7 (90° overlap) that 1t wes Ampossible to control the pressures

with sufficient accuyracy to permit precise volumetric—efficlency measure—
ments helow ¢ = 0.b5. Consequently, the results of such measurements ere

not; plotted. - : :

In ‘an attempt to obtain g theoretical explangtion foy the effects of
inlét @nd exhaust pressurss on volumetric efficiency, the following simple
analysis, suggosted by Professor E. S, Teylor, was used:

A "square" pumping loop for an ideal alr cycle is assumed as shown
in figure 31. A thermodynamic "system" is chosen which consists of all
the charge that will eventually be found in the ‘cylinder at the start
of compression. As the initial condition, the end of the exhaust stroke
1s chosen. The exhaust valve is assumed +to be closed at this point, and
the pressure in the cylinder is assumed to be exheust pressure. The end
of the suction stroke is, teken as the final condition and the inlet valve
1s assumed to be closed at this point. If 1t 1s assumed that the pressure
in the cylinder during the entire piston stroke is equal to the inlet pres—
sure, the flrst lew of themodynamics for the. 1nlet process can be written
as follows' ) ..

" < B i . . . V .‘Il -'
J(l\&+M)E; JMrE JMiia-.ini pi(v,,—»-’? ()

Accord.ing to 'the relations for a yerfect gas ’

. ° . l‘ R
S e ' - M. . -":-\-.'-... I
o B ,p TmT. L
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Since R = dm(Cy —Cy) end B = CyT,

pV'

IME = =~
k-1

If thie value is silbsti’bute.d.' in equation (1), the Following result is
cbtained: . ‘

© PaVy - p(— p3Vy v
e o 7.-11..=?21‘71"91(v1""1'
k-1 kt~1. k-1 D O
and SR o
vy (%2 -1
- —=1- z _
V== k(-1
e (.~ 1)

The ratio of the volume of fresh air at inlet condition Vy +to the

diépia‘céﬁén‘b volume Vi —= Y2 of 'l-;_}:xe"_qyl_inder is celled volumetric eff1—
ciency. r o

Thus . o B ' .
L Lo <B—°- -1

e 1 P/
B R A —
._idea.l k k(e -~ 1) _

13081 is 'l;hé volumetric efficiency for the ideal air cyole. It

will DPe noted that this expressié_ﬁ mekes no attempt to account for the
effects of velve overlap.’ '

where @

The foregolng anaelyeis may be compared with that given on pages
234235 of reference 3. (See also equation (52), page 216, reference 3.)
It will be observed that the present analysis involves simpler assumptions
end gives & 'simpler result, 'If 1.5> Pe/Pi > 0.5, +the foregoing equation

glves substantiaelly the same result as equation (52) in reference 3. If
1.5< py/py < 0.5, the equation gives a slightly smeller correction than

equation (52) reference 3. -

A quantity called the adjusted volumetric efficiency is cbtained ‘l:;y
dividing the actusl volumetric effigiency obtained from a test by the
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correspond.ing 1ldedl volme't:aic efficiency; that ls, adjusted volumetric..
efficiency = o /eid.ea.l' Pigures 32 to 38 show. the result of applying

this procedure to the curves of figures 2’+ to 30 The curves for opera—
tion with inlet pressure equel ‘to exhsust pressure are unchanged, since
©4desl = 15 Dbut the ordinates of the curves for operation with values of

Pe/Pi <1 are decreased. In the cases in which there was no valve overs

lap (figs. 35 to 37), 'bhis correction 18 more sticcessful at low speeds

than at high speeds, At high speeds, the curves are overcorrected.. " This
overcorrection occurg because at high values of @ +the sctual pumping '
loop deperts seriously from the eguare lcop assumed in the analysis‘ o

Figures 32, 33, 3%, end 38 show results of cperating with valve oVer—
lap. In theose cases, sdjusted volumetric efficiency gives & falrly good
correction at high values of ¢ ‘because the effect of scavenging of the
olearance space during the overlap period approximately offeets the effect
of the departure of the pumping loop from +the squars form. The success of
the ‘correction sppears,--therefore; to be fortultous, At low valuwes of ¢
the pumping -loop -is more nearly square, but the effect of scavan,ging during
the overlep period is much larger. Tke correc'bion is therefore too emall

Figures 39 ancl 40 show the 'effect of varying the inlet-valve closing
engle on the volumetric efficlency of the engine. Curves are drawn for
three values of ¢, es well as for three inlet— and exhaust—pressure
combinations. At low values of # (low gas velocities), late inlet~valve
closing reduces volumetric efficlency becauge pert of the fresh charge is
pushed back into the inlet port by the rising piston. At high values of
$, however, volumetric. efficlency is improved by late inlet ¢losing be—
cause the pressure In the cylinder remsine lower than Dy . .for s con—
siderable time after bobtom dead center. This lowered cylinder pressure
ig'due to the high pressure drop ecross the inlet valve accompanying
high values of ¢. These trends are not affected by inlet ox exha.ust
pressures or by va.lve overlap.

1

: Figure 1 is 8 photogra.ph of a three—dimensiona.l nodel ulustrating
the relationships between volumstric efficlency, the parameter ¢ .end
the crenk angle et which the inlet vaive cloges. The lines vhich e,ppear
on the upper surface are contoure of constant volumetric efficiency. - -
This particuler model shows the relationships with Pg = P y = 30 inches

of mercury ebsolute for cemshefts with 60° overlsp. However, the generel

character of the surfece 1s not changed by overlap or inlet and exha.uet,
pressures, as’ “can be deduced from figuree 39 and. hO. .

Figure 1L2 shcws 'l:.he indicated. norsepower compu'bed. from indicator -
dlagrams plotted ageinst alr flow for all, combinstions of Py> valve size

and 1ift, and velve timing. The plotted points imclude results obtained at
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three differént speed.s for each gopmbination, nemely 500, 2000, and either
3200 or 3600 rpm. The group of poinits near the origin are a.ll for 500
rpm. E[‘he rpoin‘os correspond.ing to the other speeds are not segregated

Figure ka shows that a.t 500 !‘Pm the 1nd.ica.ted. specific alr consump—
tion 1s relatively high for all camshafts, perhaps because of high rela—
tive hee:b losses. ~At the higher speeds the specific air consumption
obtained with Camshaft 7 (90° overiap) is high in neayly all instences,
and the  points 6btained with Cemshaft 3 are likewise high. The Increaset.
gpecific air consumption when the engine 1s opersted with large overlap
is probably due to loss of: fresh charge during the overlap perilod, The
reoagon for the increase In specific air consmnption d.uring operation with
Camshaf‘t?‘ 18 not cléa.r. . O .

CONCLUSTONS

An investiga.tion was me.d.e at the Massachusetts Tastitute of Technology
with a CFR engine to determine the effect of inlet—valve cepacity, inlet
end exhaust pressure, and velve timing on the voluometaric efficilency at
va.rious speeds. Results” from these tests indiceted that:

1. Tke variation of volmns'bric efficisncy resulting from changes in

inlet~valie size and 1ift cen be expressed. as o func'bion of the parameter
§, defined as follows: . . .

: piston spee'd. x piston area

sound veloclty X inlet~valve areas X average flow coefficient

This is - true for .each of the '2ll.c_om'b1nati-ons of inlet pressure, oxhaust
pressure, and valve timing which were investigsted. )

© 2. The varlation of volumetric efficleney reswlting from changes in
inlet and exhaust pressures cannot be expressed as a function of exhaust
pressure - p e.nd 1nlet pressure p, alone, but depends also upon other

varieblés,’ inolud.ing ¢ and, probably the shape of the curve of ve.lve :
flow coefficients esgalnst crank angle. ' : C

3 Closing the inlet valvs latg resulted. in ;'meroved volumetric '
efficienoy at high values of. ¢ eand reduced volumetric efficlency at
low values of this paremeter,’ This oftect was the mame for the three
inlet— and, exhanst~pressure. com'b:ina.tions tested, and cha.nging the ve.lve

- overlap.did not alter this trend )
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4, Tnoreasing the valve overlap resulted in im@roveg_volumstric effi—
olency when the englne was operated at values of pe/:_pi < 1. The effect
was more merked at low values of .

5. Indicated specific alr consumption was very nearly constant over
most of the upper range for all the tests except those in which the engine
wes operated with 90° A.B.C. inlet—valve clcsing and 60° valve overlap, or
with 60° inlet—valve closing and 90° overlap. For these tests the in—
dicated specific air consumptlion was scmewhat higher. .

6. Indicated specific alr consumption was high &t 500 rpm in all
tests, even those without overlep. ’

Massachusetts Institute of Technolegy.
' Cembridge, Mass., May L, 1945,
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APPENDIX A
METHODS (F DETERMINING FLOW COEFFICIENTS FCR STEADY FLOWY

The Flow Coefficlent

The steady—flow coefficient for popyet vaelves as defined herewith hes
been developed to serve as a basis wpon which to ccmpare various velve and
port ccmbinations (references 4 to 7). The flow coefficient is an inverse
measure of the resistance to flow through the valve and port at a given
1ift, , . o

In determining the flow coefficient, & conetant pressuré drop is
created acrogs the valve and the rate of mass flow measured. For the low
pressure drop usually used (10 in. alcohol), the flow ceoefficient is de—
termined from the equation:

My = Ay Cy /204 b,
in which the flow coefficient C; at & given 1ift is the only unknown,

The flow coefficlent is based upon the nominal valve area ﬁ sz.

Changes In the actual area of the valve opening as the valve is lifted
are reflected in the flow coefficient.

In order to meke possible the comparison of velves of different
diemeter, 1t is necessary to compare the flow coefficients on the basis
of a nondimensiocnal parameter, in this cass L/Dv. For valves of vaerying

diameter but geometrically simillar design, the flow coefficient is the same
for a given value of L/D . In the steady—flow tests made for the present

report a series of 1ifts was selected for each velve so that the flow co—
efficient was determined at intervals of 0.05 L/Dv frcm O to 0.35.

Figure 43 shows the apparatus used.

The selection of the dlameter upon which the valve area and the L/Dv

retio are based 1s optional. In this case the minimum contact diasmeter
betweennyalve and seat Dv was wied, Any other characteristic dimension

could be used in place of Dy, for example, the outslde diameter of the

valve. When different valves are compared, however, it ie necessary to use
the same characteristic diameter.

lAdapted from reference 1. Scme of the symbolse, btogether with the
reference numbers, have been changed to conform with the present report.
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The flow coefficient of the valve at a given L/D, is.calculated:

from the measurement made with ,'bh'e pi'eviously described apparatus by the
following convenient formula, developed in reference T by equating the
alr flow through the metering orifice to the air flow through the wvalve:

My = &g Cp o/ 20 8p, = ApCyu/20, AP,

o 45 Co /AP
[ Ay V' lLpy

provided p, = py, which is equivalent to having Ap, << py.

and

Intermittent Flow

The curve of C; against L/Dv calculated by the method Just de—

gceribed is obteined under steady—flow conditions. In the internmal-ccmbustion
engine the flow is intermittent. The application of steady—Flow results

to intermittent conditions was at first questioned (reference &), but the
velidity of its use was later established by Waldron (reference 6); Waldron's
tests, however, were run at a speed range of 130 to 12C0 rpm. The validity
of the application of the steady—Ffiow ccefficients to intermittent condi-~
tions at the highest cremk speeds used here has not been established. The
success of the correlation of the engine test data indicates, however, that
the steady-flow coefficient 1s very useful, whether or not it is an accurate
measure of the coefficient in actual intermlittent flow.

The Averege Flow Ccefficient

The average flow coefficlent used in the correlation of data is de—
fined as:

- Bp
1 N
Cow=— | ¢, a8
' av 6 Jo 1
where 6, _1is the number of crank degreee during which the valve is open,
and Cz i1s the flow ceefficient corresponding to a given 1if%.
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The averasge flow coefficient was cletermined in ‘the following manney:
Piret, the valve-lift curve was obtained frdm the cam profue and the
rocker—arm ratio. From the curve of flow coefficient against 1ift~..
c(liameter)ra.‘cio it was then possible to plot & curve of ' C; sagainst @

- (fig. 23

The area under this curve was then measured with a plenimeter, and
the aversge flow coefficient ' C,, was cbtained by dividing this area by

the length of- the sbecissa 8o and multiplying by 8 scale factor,

©4deal

APPENDIX B

area
velocity of sound in 1nle'b aelir

average flow coefficient of inlet valve (See appendix A.)
flow coefficient of :Iq:let valve at a glven 1ift (See appendix A.)
reference orifice coefficient in flow test (See appendix A.)

apecific heat &t constant pressure

. @pecific heat at constant volume

0.D. of piston

diameter of minimum contact hetween inlet valve and seat

. M
volumetric efficiency (N 2 >

= Vg oy
5 Va P1

volumetric efficlency of ideal air cycle

internal energy per ivmlt mass
function of terms in brackets

mechanical sequivalent of heat
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, ¢
k adlabatic ccmpression exponent < o )
v

vl -.inle‘b—valve lif'b g

- moleoular weight (29 for a.ir)
LMBSE I LT Lseninar sl 0 e S . R

e Ty e T ST Ine

m
M
M, ‘time rate of a.ir flow, mass/unit time
N

t . P St
rotationgl’ speed.* of crankshaft . AL

ovpnatd A ewee T o At t‘T‘ ot !“,( - . : N Lermrs gy L ere RS = [T LR N
p \",br’egs‘ﬂ‘e " st k) - - o Lal ST T T G B T i
° A -l . Poter
e, TN

r ccmpression ra.tio .

vt n,_,_:,_.:.- -"':'-'. 25 e et ,;.::;_'. S . el o,y
R universal gas. gonftamt” T 0 o LT LD TOTRT e LT

8 = 2 X stroke X N, average piston speed

T absolute temperature

v - volme £ L . s AL TR ¥ - .3
. v - SR A P . L
N : : [ N X P L . Ze

Vd cylinder d.is'placemen’o volmne T e

o] density

FHEN-

-] crank angle, deg

8o crank angle during which valve is open, deg

Subscripts:

1 beginning of compression for ideal air cycle {See fig. 31.)
) exhla.ust pipe conditions |

i inlet pipe éoﬁditions

r residual gas

o] roference orifice in the flow test
v inlet velve in the flow—test equations
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TABLE I.— RESULTS OF TESTS FOR CAMSHAFT 1

{Inlet~yalve diemeter, 0.830 in.; inlet-valve lift, 0.208 in.; C__, 0.445]

Speed. Alr flow { Vol. eff,,
(rpm) (1v/sec) e bhp 1hp ¢
P4 = 30 in. Hg; py = 30 in. Hg
. 500 0.0058L .- 0,939 2.37 2.84 . 0,1825
- 800 . 00903 911 3.81 - .292
1200 © ,01305 .878 5.62 438
11600 .0L62 817 6.75 .58k
2000 .0183 .T38 7.60 11.09 .730
2400 0166 . .659 7.40 o 876
2800 . 0201 .580 7.17 1,021
3200 ... .0203. 512 _6.40 _ 1.169
3600 .0215 482 5.75 12.89 S TL.313
Py = 40'in. Hg; p "= 20°in. Hg
.5C0 0.00895 - 1.082 3.99 C k.33 0.1825
8¢co .0L35 1.020 6.50 ' .292
1260 .0194s .981 9.5% .38
. 16Q0 0245 .526 12.00 . 584
2000 .0283 .856 13.32 16,46 730
2400 .0298 5L 13.55 876
28¢0 ¢ ,0305. .659 13.10 1.021
4 .3200..) ' ..0312 .590 12.30 . o 1.169
; 3600 ,0328., 551 11.68 19.65 C I3z
: p; = 40'ir. Hg;'p =10 in, Eg
: " 3500 0.00925 1.120 hat 4, ko 0.1825
800 o143 1.081 6.82 ' .292
1200 . 0200 1.010 9.90 _ .438
1600 .0252 .953 12.50 ‘ .58k
. 2000 ,0289 .875 13.72 16.80 .T730
2400 .030L . 759 13.80 , : .876
© 2800 ,0305 .659 13.32 1.021
3200 .0312.. .590 12.30 o 1.169
36qo .0335 .563 12.10 19.545 1.313

NATICNAL ADVISCRY COMMITIEE
PCR AERONAUTICS
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TABIE I.,~ Continued

NACA TN No, 1366

Cprys 0.365]

[Inlet—*va.lve d.iameter, 1.05 in., inlet~valve 1ift, 0.208 in.;
Speed Aly flow| . Vol. eff., , ,
(rpm) 1 (1b/sec) e bhp 1hp ¢
5= 30 in. Hg; p_ = 30 in. Hg
500 0.00586 © 0.946 2.38 2.84 0.13592
800 . 00893 ©.90L "3.85 .223
1200 .0133 8ok . 5.79 .33k
1600 .OLTL 862 - 9.42 Lubs
2000 , 0207 .835 8.85 12.21 957
2400 . 0234 787 9.50 669
2800 LRL6 .709 9.57 . 780
3200 L0255 643 9,09 891
3600 L0260 |. .. .883 .. 8.28 16.00 1.002
Py = 1_{-0__113_. Hg; pg = 20 in. Hg
500 0.009 " 1.090 3.91L 4,2k 0.1392
800 . 0138 1.043 6.52 .223
1200 . 02005 1,011 9.87 .33%
16Co . 0257 972 12.90 Ll
2000 .0308 .932 14,50 18.20 557
2400 .0343 .865 15.83 ' .669
2800 .0363 .785 - 16.09 . 780
3200 , .0376 .T10 15.61 . .891
3600° .0399 .670. 15.50 23.75 ~ 1.002
Py = 40 in. Hg; Py = 10 in., Eg
500 - 0.00928 1.122 4,10 h,35 . 0.1392
800 L0LLL5 1.070 6.78 o .223
1200 0205 1.03% 10.26 .33k
1600 L0261 .958 , 13.38 . b5
2000 - 0317- .959 . 15,05 18.90 55T
2400. .. 0351 .885 16.13 669"
2800 L0367 CLT93 16.25. .780.
3200 .0379 '.716 15:75. 891
3600 - - 0399 6707 15.62 2k.20 } 1,002

NATICNAL ADVISCRY CCMMITTEE
FCR AERONAUTIUS
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TABLE I.— Concluded

[Inlet—valve diemeter, 1.05 iIn.; inlet~valve 1ift, 0.262 in.; Cgyy O.H45]

Speed Alr Tlow Vol. eff., .
(rpm) (1b/sec) e bhp ihp ¢

py = 30 in. Hg; p, = 30 in. Hg

500 0.00586 0.946 2.37 2.84 0.11k2
800" .00885 .893 3.6L .1828
1200 .01295 87 5.38 274
1600 LOLT2 .868 7.20 .366
2000 .0215 867 9.09 12,60 As7
2400 .0248 .83k 10.22 .548
2800 .0270 .778 10.78 640

3200 . 0288 726 10.70 , 731

3600 .0300 673 9.9k 18.25 822

pi=)-l-01n.Hg;_p = 20 in, Hg

500 0.00899 1.088 3.85 ko5 . 0.11k2
800 L01Lko5 1.062 6.k0 .1828
1200 .020k 1.029 9,88 27k
1600 . 0265 1.002 12.80 .356
2000 .0330 .999 1 15.80 19.70 5T
2400 .0382 .963 17.65 : .548
2800 .08 .503 19.02 : 640
3200 .Oliks .8h2 19.48 . 731
3600 eLTY-] JTTT 18.80 28.C0 .822

pi=’+Oin. Hg; p_ = 10 in. Hg

500 0.,0093 1.128 h,oh 4,28 0.11k2
800 .0Lh2 1.073 6.66 .1328
1200 .0207 1.043 10.25 : 2T
16C0 L0271 1.025 13.38 - .366
2000 .0337 1.020 16.50 19.70 Js7
2koo .0389 .980 18.48 .548
2800 .0h2s .918 19.50 ’ 640
3200 .0l50 851 19.560 : .731
3600 .CheT . 785 19.10 28.60 - .822

NATIONAL, ADVISCRY CCMMITTEE
FCR AERCNAUTICS



CAM |
1.0. 30* B.T.C. E.C. 30° AT.C.

N

16. 33 AB.C. £.0. 60° B.BC.

. CAM 4

10. i3* BTG. EC. 3* ATG.
&

(N

1.C. 33* AB.C. E.O. 60" BB.C.

NATIONAL ADVISORY COMMITTEE
FOR AERONAUTICS

cam 2
1.0. 30° BT.C. E.C. 30° ATCG.

TN

1.G. 60° ABC. E.O. 60° BBC

CAM 5

.0. 3° BTG EGC. 3° ATG.
BRIU

N

1. 60* ABGC. E.0. 60° BB.C.

GAM 7
1.0. 4%° BT.C. E.C. 45° ATC.

P

Ay

I.C. 60* ABGC. EO. 60° BBC.

CAM-3

1.0. 30° BT.C. E.C. 30° ATc.

N

L.C. 90° ABG EO 60° 'B.BC.

GAM 6

8.

1.C. 90° ABGC. EO 60° B.BC.

Figure 1.- Timing diagrams for the oamshafts used in the tests.
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CAM j
14 LO. 30° B.T.C. E.C. 30° AT.C.
N\ /
12 ) { \
: 1.C. 33° ABG. €.0. 60" B.BC,
1.0
N
”“F"‘r&\%
8
h{\a'\,&
8 [~
~o. -
INLET-VALVE INLET-VALVE|

- DIAM, IN. LIFT, IN,

o .830 .208

a 1.0% .208

o 1,08 - .262
2 NATIONAL ADVISORY COMMITTEE _ |
’ FOR AXRONAUTICS
o

o 2 .4 € . 8 1.0 L2 1.4

Figure 3.~ Volumetric efficiency against

Pg = 30 inches of meroury.

$. Camshaft 1; p; = 30,
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CAM |
L4 1.0 30° B.T.C. EC. 30° AT.C.
\ /
2 a
4
1.C. 33* ABGC. €.0. 60°BBGC.

‘U\\o
INLET-VALVE INLET=-VALVE
DIAM, IN. LIFT, IN.

.4

o] 830 .208

A .08 .208

: D 1,08 262 J
2 - NATIONAL ADVISORY COMMITTEE ——
TOR AXBONAUTIOS
(o]
0 2 4 € .8 1.0 L2 Le
¢

Figure 3.- Volumetric efficiency againet §. Camshaft 1; Py = 40,
Pg = 20 inches of mercury.
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CAM |
L4 1.0. 30° B.T.C. E.C. 30° AT.C
- A
1.C. 33° AB.C. E.O. 60°* BBGC.
Cm\o
o e
\A\a\ﬁ‘l}
Lo \%0
Mo
AN
8
8N
\bo\\
. u\o
INLET-VALYE INLET—V‘ALVE
DIAM, IN. LIFET, IN.

4

(o) .830 .208

A 1.08 .208

u] .08 282
2 NATIONAL ADVISORY COMMITTEE —|

FOR AZRONAUTICS
0
o 2 .4 .6 .8 1.0 12 1.4

Figure 4.- Volumetrio efficiency against @. Camshaft 1; pj = 40,

Pe = 10 inches of merocury.
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cCAM 2
1.4 1.0. 30° BT.C. E.C. 30° ATC.
N\ /
L2
1.C. 60° ABC. E.0. 60" B.B.C)
1.0
A A "@—_Q'o-ﬂ
.8
\"4
K] b
\B\
\o
INLET=-VALVE INLET=VALVE
4 DIAM, (N, LIFT, IN.
(=] .830 .208
A 1,08 .208
o 1,08 262
» NATIONAL ADVISORY COMMITTEE |
YOR AERONAUTICS
]
[+ 2 4 .6 8 1.0 1.2 1.4

Figure 5.- Volumetric efficiency against @. Oamshaft 2; py = 30,

Pg = 30 inches of mercury.
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l.4 1.0. 30°

CAM 2
BT.C. E.C. 30° ATC.
N\ /

N

1.6. 60° ABC. E.O. 80° B.BGC.
Lo D{(\ A
=)
s t\%
A
. \&\o
© INLET-VALVE (INLET=VALVE
DIAM, IN. LIFT, IN.

4

o .830 .208

A 1.08 .208

o .06 .262
2 NATIONAL ADVISORY COMMITTEE

TOR AERONAUTICS
(+]
[«] .2 4 [ ﬂ 8 1.0 I2 1.4

Figure 6.- Volumetric efficiency against @. Oamshaft 2; py = 40,

Pe = 20 inches of mercury.
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CAM 2
1.0. 30°* BT.C. E.C. 30° ATC.

.4

2 / \1

1.6. 60° ABC. E.O0, 60" B.B.C.

. E\f\\ﬁ

\
.6
INLET-VALVE = INLET-VALVE

. DIAM, IN.  LIFT, IN.

o .830 .208

A 1.08 .208

o .08 .262
2 NATIONAL ADVISORY COMMITTEE __ |

FOR AERONAUTICS
(]
o 2 4 € .8 1.0 e 1.4

Figure 7.- Volumetric efficiency against (. Camshaft 2; py = 40,
Pe = 10 inches of mercury.
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CAM 3

1.4 1.0, 30* B.T.C. E.C. 30° ATGC.

. ]

L.G. 80° AB.C. EO. 60° B.BGC.

LO
>
Q
k4
w
e
-
t: 8 —"a 8\5 tJ
) o LA L-aT &5 T~
E EA_EA—CC X
tatd
F
3 o
§ 6 T~ -
INLET-VALVE INLET=VALVE
DIAM, IN. LIFT, IN.
4
e} .830 .208
A 1.05 .208
m} 1.08 .262
2 NATIONAL ADVISORY COMMITTEE __ |
’ FOR ARRONAUTICS
o
o 2 4 6 ¢ 8 1.0 12 L4

Figure 8.- Volumetric efficiency against . Camshaft 3; py = 30,
Pe = 30 inches of mercury.



VOLUMETRIG EFFICIENCY

28 NACA TN No. 1388

CAM 3
1.0, 30° BT.C. EC. 30° ATGC.
=N -
L4 {_
L.C. 90° AB.C. EO. 60° B.BG.
12
1.0
-2
—a "Q\AD
8 \\?o\
\2_’\
'\o
.6
INLET=VALVE INLET=VALVE
4 _ DIAM, IN. LIFT, IN,
o .830 .208
A 1.08 .208
a] .08 .262
.2 - NATIQNAL ADVISORY COMMITTEE
JOR AERONAUTICS
o
o 2 4 6 .8 1.0 12 -

Figure 9.- Volumetric efficiency against @§. Camshaft 3; p;3 = 40,
Pe = 20 inches of meroury.
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GCAM 3

14 1.0, 30* B.T.C. E.C. 30® ATGC.
L2 l_ \

1.C. 90° AMB.GC. E0. 60" B.BC.
1.0 -

o
E\“A;l:h LA
] O _[F Hmh@}
) {Q’J\\o\
\&
\o
.6
INLET=VALVE INLET=VALVE
DIAM, IN. LIiFT, IN.
o] .830 .208 ,
P A 1.08 .208
a .08 262
2 NATIONAL ADVISORY OOMMITTEE _ |
: FOR AZRONAUTICS
o}
Q 2 4 .6 ¢ 8 1.0 L2 1.4
Figure 10.- Volumetric efficiency against @§. Oamshaft 3; py. = 40,

Pe = 10 inches of mercury.




30 NACA TN No. 1366
. CAM 4
4 0. 3* BTC. . EC 3" ATGC.
) J
L2 ._( \
1.6. 33* AB.C. E.O. 60" B.BG.
10
g o
& = “‘J"ﬂ‘asj
£ e s
o Da|
e 8.
= N
=2
: . <
INLET-VALVE INLET=-VALVE
DIAM, IN. LIFT, IN.
4
(o] .830 .208
A 1.0% .208
=] [.OS 262
-2 NATIONAL ADVISQORY COMMITTEE —
FOR AERONAUTICS
°
(o] 2 4 .8 8 1.0 1.2 .4

Figure 1l.- Volumetric efficiency against @. Camshaft 43 py = 30,

Pe = 30 inches of mercury.
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CAM 4
" LO. 3* B.T.C. EC, 3° AT.C.
i
12 {
1.C. 33* AB.C. E.O. 60° B.B.C
.0
A
e \U\A\g\\
6 \
‘o\\o
INLETaVALVE [INLET=-VALVE
. DIAM, IN. LIFT, IN.
(o] .830 208
A .08 .208
[m] .08 262
° NATIONAL ADVISORY COMMITTEE _ |
' FOR AERONAUTICS
0
[o] 2 4 .8 8 1.0 1.2 1.4

Figure 18.- Volumetric efficiency against @. Camshaft 4; p3 = 40,

Pe = 30 inches of mercury.
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CAM 4
1.4 1.0. 3* B.T.C. E.C. 3° ATG.
|
1.2
I.C. 33* AB.C. E.O. 60* B.B.C
5 Y =S
] o4 :
w \‘%
(+]
e O
e \tQ\
o .8
z
™
w
=
D
3
> 6 \
. \n\
o
INLET-VALVE INLET=VALVE
4 DIAM, IN. LIFT IN.
(o] .830 .208
O 1.08 .208
m] 1.08 .262
2 ’ NATIONAL ADVISORY COMMITTER __ |
TOR AERONAUTICS
4]
0 .2 4 .6 1.0 1.2 14

Figure 13.- Volumetric efficiency against @#. Camshaft 4; p; = 40,

Pe = 10 inches of mercury.
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CAM B
i.4 1.0. 3* B.T.C. EC. 5* AT.C.

| T

1.C. 60* ABC. E.O. 60* BBGC.

> 1.0
[+
4
w
e O
i a4
Y o a %\ni.\
x o
[==
= —)
Q]
3 a
s \
> e 1o
\\o
INLET=-VALVE INLET=VALVE
4 DIAM, IN. LIFT, IN.
o 830 .208
A .05 ° .zog
(w] 1.08 .262 1
2 NATIONAL ADVISORY COMMITTEE __
TFOR AERONAUTICS
o]
o 2 4 6 .8 1.0 2 L4

Figure 14.- Volumetric efficiency against @. Camshaft B; py = 30,
Pe = 30 inches of mercury.
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CAM 5
1.0. 3°* B.T.C EC. 3* ATC.

1.C. 60°* ABGC. EO. 60° BBC

yay .‘J‘I 0
(A S mro] u I B
&
O
\O
INLET-VALVE INLET=-VALVE
DIAM, IN. LIFT, IN.
o] 830 .208
A 1.05 .208
O {1,086 262
: NATIONAL ADVISORY COMMITTEE |
FOR AZRONAUTICS
2 .4 .6 .8 1.0 1.2 .4

Figure 15.~ Volumetric efficlency against ¢. Oamshaft 5; Py = 40,
Pe = 20 inches of mercury.
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CAM 8
1.4 0. 3* B.T.C. E.C. 3.‘ AT.C.
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Dkﬁa*Ltf—a{F—itpn_n_
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a 1.08 .208
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’ ¥OR ARRONAUTICS
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Figure 16.- Volumetric efficiency against @. Camshaft 5; py = 40,

Pg = 10 inches of meroury.
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CAM ¢
(K 1.0. 3* BT.C. E.C. 3* ATC.
I
1
1.2
I1.LC. 90°* ABC. EO. 60° B.BGC.
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.8
2 R~ Ry &' SN
\o
6
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4 DiAM, IN. LIFT, IN.
(=] .830 .208
A 1,08 .208
[m] .08 .262 .
2 NATIONAL ADVISORY COMMITTEE —
FOR AERONAUTICS
o]
o 4 4 (] .8 1.0 1.2 1.4

Figure 17.- Volumetric efficiency againet @. Oamshaft 6; pj; = 30,
Pe = 30 inches of mercury.
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Figure 18.- Volumetric efficlency against $. Camshaft 6; py = 40,
Pe = 30 inches of mercury.
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